Aims: sRNA regulation is supposedly involved in the stress response of a pathogen during infection. Yersinia pestis, the etiologic agent of plague, must encounter temperature and microenvironment changes, given its lifestyle. Here, we used the cDNA cloning approach to discover full-length sRNA candidates that are highly expressed in Y. pestis under five different growth conditions. Materials & methods: The cDNA cloning approach was improved by combining the traditional cDNA library construction with the prevalent rapid amplification of cDNA ends and RNA size selection techniques. Results: In total, 43 RNA species, including six previously annotated sRNAs, were identified. Of these, 25 sRNAs were encoded on the antisense strand of the annotated genes. Interestingly, two of these sRNAs were found on the complementary strand of noncoding RNAs. In addition, eight novel sRNAs encoded in the intergenic regions were also revealed. Ten sRNA candidates chosen for the northern blot ana lysis were successfully detected. Analysis of the expression patterns of 29 candidate sRNAs showed that 24 sRNAs are highly abundant in Y. pestis upon entry into the stationary growth phase. Conclusion: Our preliminary attempt at screening the novel sRNA candidates will lay the foundation for understanding the roles of sRNAs in Y. pestis physiology and pathogenesis.
Future Microbiology
part of sRNAs in bacteria have been shown to be involved in gene expression regulation and in the mediation of adaptive responses to environmental changes [1] . More than 100 sRNAs have been identified in Escherichia coli and Salmonella [2] [3] [4] [5] . Most of the well-characterized sRNAs are typically between 50 and 400 nt in length. They are encoded in the intergenic regions (IGRs) of bacterial chromosomes or plasmids. Most sRNAs interact with specific mRNAs or protein targets via the trans-acting mode. The interaction results in the modulation of mRNA stability, translation and protein activity [1, 6] . Recently, there has been an upsurge in research on sRNA identification in diverse bacterial species [7] [8] [9] [10] [11] [12] [13] [14] . Some sRNA species were found to be encoded on the opposite DNA strands of some genes. These species have the potential to form extensive base-pairing interactions with the corresponding sense RNA in a cis-acting manner [15] .
Yersinia pestis, the etiologic agent of plague, is considered to be a facultative intracellular pathogen [16] . Y. pestis must experience temperature and microenvironment variations during its alternate transmission between fleas and warm-blooded mammals [17] . To survive these stressful environments, Y. pestis likely adapts by changing its transcription of a wide sets of genes. sRNAs are potent regulators that can be involved in the adaptive processes of this deadly pathogen. Recent studies showed that Hfq plays important roles in growth, stress resistance, intracellular survival and virulence in Y. pestis [18, 19] . Transcriptional analyses have revealed that Hfq influences the transcription of numerous genes in this pathogen [19] . Since Hfq [20] . We hypothesized that those highly expressed sRNAs under simulated conditions may play important roles in Y. pestis adaptability and pathogenesis. Therefore, we used an improved cDNA cloning approach to investigate sRNAs in Y. pestis during normal growth and under stressful circumstances. The improved cDNA library construction involved the combination of the prevalent rapid amplification of cDNA ends (RACE) technique and the RNA size selecting process. Our strategy was aimed at obtaining authentic sRNA species with full lengths and rich abundances. In total, 43 RNA species, including six known sRNAs, were identified.
Materials & methods

Bacterial strains
Y. pestis strain 201 is avirulent in humans but highly virulent in mice. This bacterium belongs to a newly established biovar, the Microtus [21] . The promoter-deletion mutants of Y. pestis Yp-sR1 and alkA were constructed by the Red homologous recombination method as previously described [22] . To minimize the possibility of affecting the expression of the flanking genes, the promoter-deletion mutant of Yp-sR1 was constructed by replacing the 36-nt (from -1 to -36) promoter region with the kan cassette. Since alkA and its upstream gene YP_1557 might be transcribed from the same operon, a 3470-nt region (from -3461 to +10) including YP_1557 and potential promoter sequences were deleted from the chromosome. The wild-type strain 201 carrying the helper plasmid pKD46, which encodes the genes for lRed recombination, was used as the competent host. The fusion PCR reactions were carried out to generate a linear DNA fragment that contained the kan cassette flanked by 80-nt DNA homologous to the regions flanking the deletion site. The resulting PCR product was electroporated into the competent cells. The recombinant colonies were selected due to their kanamycin resistance.
Primer-specific PCR was used to confirm that DNA fragments were deleted as expected. The curing of plasmid pKD46 was verified by ampicillin selection and PCR amplification after incubation at 37°C overnight. The mutants grown to exponential phase were used for total RNA extraction or mice subcutaneous infection.
Bacterial growth conditions Y. pestis was grown at 26°C in a chemically defined TMH medium [23] to the middle exponential growth phase (A 620 nm = ~1.0). Cell cultures were diluted 1:20 and were grown until reaching A 620 nm of approximately 1.0 or 2.0, representing the exponential and stationary phases, respectively. For other growth conditions, the cultures grown at 26°C to the early exponential phase were transferred to a different growth medium at 37°C for 3 h. Three stressful conditions of iron starvation, calcium deprivation and low magnesium were then simulated. The five growth conditions used in this study are listed in Table 1 .
RNA fractionation & enrichment
Total RNA was extracted from Y. pestis grown under the five different conditions described above using the TRIzol ® Reagent (Invitrogen). To eliminate DNA contamination, RNA samples were treated twice with DNase I (Fermentas). Y. pestis RNAs from the five different growth conditions were mixed in equimolar ratios. The pooled RNAs in the size range of 50-400 nt were size-fractionated by in-gel purification or salt gradient elution. For the salt gradient elution, various NaCl concentrations (0.8-1.1 M) were used to selectively purify expected-size RNA fragments according to the manufacturer's protocols of a DNA/RNA Mini Kit (Qiagen). The highly abundant rRNAs were subsequently removed by magnetic bead capture hybridization (MICROBExpress™ Kit, Ambion) according to the manufacturer's instructions.
cDNA library construction
The cDNA library was constructed as previously described [24] , with some modifications, by combining the 5´ RACE methodology to obtain full-length RNA transcripts. The fractionated RNA was treated with calf intestine alkaline phosphatase (Fermetas) for 5´ dephosphorylation of RNAs with a 5´ monophosphate group to avoid random or self-ligation. The resulting RNA samples were then incubated in a 3´ linker ligation reaction mixture (0.1 µg/µl bovine serum albumin, 15 µM ATP, 0.5% PEG6000, 20 µM hexamine cobalt chloride, 10% dimethyl future science group sulfoxide, 50 mM Tris-HCl, 10 mM MgCl 2 , 10 mM dithiothreitol, 20 U of T4 RNA ligase and 2 µM 3´ linker sequence) at 22°C overnight. Ethanol-precipitated RNA was then split into two aliquots. One moiety was treated with tobacco acid pyrophosphatase (Epicenter) at 37°C for 1 h to convert the triphosphate of the 5´ terminal into a monophosphate. The other moiety was treated with T4 polynucleotide kinase (Fermetas) for 1 h at 37°C. The 5´ RNA linker (GGAGUAGCAUGCGUGACGAAAA) was then added to the tobacco acid pyrophosphatase-and T4 polynucleotide kinase-treated RNA at 22°C overnight. To get rid of the selfligating products of overdose RNA linkers, RNA fragments larger than 50 nts were purified by RNeasy ® Mini Kit (Qiagen). The first-strand cDNA was synthesized, and was amplified by PCR with specific primers. PCR products ranging in size from 50 to 400 nt were purified from the DNA PAGE gel, and were cloned into the plasmid pGEM-4Z (Promega). The identified clones were subjected to Sanger sequencing.
Bioinformatics ana lysis
After sequencing, the 5´ and 3´ linkers were removed from the cDNA reads. The clean reads more than 50 nt were aligned to the Y. pestis 91001 genome. All of the transcripts of tRNA, rRNA and the mRNA-translated region were removed. The valid reads were then located on the antisense strand, IGRs or untranslated region (UTR) overlapping its neighboring mRNA. Transcription start sites (TSSs) were scanned within the region of -150 to +10 nt of each read by BPROM [101] . Rho-independent terminators were identified within 50 nt downstream by TransTermHP2.0 with a confidence score of ≥30 [25] . To exclude the possibility of a transcript as a degradation product of the mRNA transcript, the reads located in the 3´ UTR, within which no TSSs but a terminator were found, were excluded from further ana lysis. In order to predict regulatory sites, the region of 200 nts upstream of each valid read was scanned for eight known transcription factor binding sites (Crp, Fur, ArgR, PhoP, NtrC, IHF, LexA and PurR) annotated in RegulonDB [26] , using the program Matrix-Scan [102] . For conservative analysis, all the valid sequences of sRNA candidates were blasted with the genomes of the other six human pathogenic strains of Y. pestis and four strains of Y. pseudotuberculosis.
Northern blot ana lysis
Northern blot analyses were carried out using a DIG Northern Starter Kit (Roche) following the manufacturer's protocol as described by Beckmann et al. [27] . Total RNA samples (~5 µg) were denatured at 70°C for 5 min, were separated on 6% polyacrylamide 7 M urea gel and were transferred onto Hybond™ N + membranes (GE Healthcare) via electroblotting. The membranes were UV-crosslinked and prehybridized for 1 h and DIG-labeled RNA probes were added. The membranes were then hybridized overnight at 68°C in a DIG Easy Hyb (Roche) according to the manufacturer's protocols. RNA probes were synthesized by in vitro transcription using an SP6 RNA polymerase. RNA was immunologically detected and scanned according to the instructions.
Quantitative real-time PCR cDNA was synthesized from RNA using the ThermoScript™ reverse transcription PCR system (Invitrogen) for gene-specific cDNA synthesis. Real-time PCR was performed in duplicates for each RNA sample using the TransStart™ Green qPCR SuperMix UDG (TransGen Biotech) with an appropriate cDNA dilution as a template. Control reactions were carried out in parallel without a reverse transcriptase. 5S rRNA was used as the internal standard to normalize the expression levels of the tested sRNA candidates.
Results & discussion
Experimental design for identifying the sRNA candidates in Y. pestis
To obtain as many sRNA candidates as possible, we chose five growth conditions that Y. pestis might encounter during infection. The conditions were aimed at simulating normal growth or stress processes, such as temperature shifts, growth phases and iron shortages. Equally mixed RNAs from five independent cultures were used for the subsequent procedures of size selection and cDNA library construction. The size of RNA samples that were focused on ranged from 50 to 400 nt. To remove redundant RNAs (including highly abundant rRNA and RNA fragments longer than 400 nt), in-gel purification followed by magnetic bead-based hybridization were applied in the size selection step. More than 70% of the rRNAs were successfully eliminated by this treatment (Figure 1 ). The elimination of redundant RNAs in the current study necessarily enriched the starting pool of sRNA transcripts. Consequently, the capacity of the cDNA library was increased.
The experimental design of the cDNA library construction was based on some modifications of the 5´ RACE methodology and of high-throughput colony sequencing. The main objective was to provide the exact 5´ and 3´ ends of the sRNA candidates and to obviate the subsequent determination of TSSs one by one. A total of 2540 clones were subject to sequencing and 1023 Y. pestis-derived sequences were identified in the current study. The sequence ana lysis showed that most cloned fragments ranged from 50 to 400 nt in size, as expected. Ten sRNA candidates, ranging in size from 70 to 180 nt, were chosen and were successfully detected by northern blot ana lysis (Figures 2 & 3 ). An RNA molecular weight marker was used in the northern blot ana lysis to determine the approximate size of the detected sRNAs. This was done to examine whether the authentic length of the sRNAs could be examined by the method used in the current study. Figure 3 shows that the sizes of the hybridized transcripts in the northern blot were approximately in agreement with those in the colony sequencing.
Identification of 43 sRNA candidates based on the cDNA library Each clean read obtained was aligned with the Y. pestis 91001 genome. A variety of RNA categories were then identified (Table 2) . Among those identified, 18.6% corresponded with rRNA and tRNA sequences. Approximately 26.8% were derived from within the coding regions of known genes and the open reading frames (ORFs) of unknown functions. The above two parts of the sequences were excluded from further ana lysis. The remaining 54.6% (representing 559 clean reads) were subjected to further analyses for identifying candidate sRNA species. Based on the results of promoter and terminator prediction, another 78 reads representing seven valid transcripts that might be degradation products of functional mRNAs were further excluded. After filtering the redundant transcripts, 43 unique sRNA transcripts (including six known sRNAs) were ultimately identified. Their sequences were then compared against the Rfam database [103] . As a result, six homologs of known sRNAs that were also previously found in other enteric bacteria, including 6S RNA, SsrA, 4.5S RNA, CyaR, CopA and STnc490, were discovered. The synthesis of some sRNAs under very specific growth conditions may be partially responsible for the relatively small number of known sRNAs identified in the current study. Only those highly or continuously expressed transcripts under our experimental conditions were detected by the cDNA library approach. The overwhelming abundance of 6S RNAs, which accounted for a third of all the cDNA reads (Table 2) , may be responsible for the cloning bias. Technical improvements aimed at reducing richly abundant RNA transcripts may help overcome this bias.
Unexpectedly, there is no overlap between the eight novel sRNAs encoded within IGRs found in our study and the 150 sRNAs described by Koo et al. [20] . The possible reason for this might be that many sRNAs are specifically induced by certain experimental conditions, especially 7) . The resulting size-fractionated RNA was then added to the suspension with magnetic beads binding the rRNA complementary probes. Lane 4 represents the pooled RNA sample from bacterial culture under five growth conditions. The supernatant (lanes 3 and 7), bead washing (lanes 2 and 6) and pellet resuspension (lanes 1 and 5) were visualized on 6% denaturing PAGE. Lane M stands for RNA molecular weight marker (100, 200, 300, 400, 600 and 800 nt). 
Antisense sRNAs
The antisense sRNAs described herein represent sRNAs transcribed from the opposite strand of annotated mRNAs or noncoding RNAs. They are located on the antisense strand of a gene and have the potential to form extensive base-pairing interactions with the corresponding sense RNA. Antisense sRNAs have always been found in plasmids, phages and transposons [28, 29] . Increasing numbers of chromosomally encoded antisense sRNAs are being found by bacterial genome screening methods [15] . Of the 43 sRNA candidates analyzed, 25 antisense sRNA candidates were identified in the present ana lysis (Table 3) . As discussed below, the candidates were assigned to two subcategories based on whether their target genes encoded proteins or not.
sRNAs antisense to mRNA
A total of 23 sRNAs were located on the complementary strand of an annotated ORF, or started or ended within 50 nt of an ORF with the opposite orientation (Table 3 ). These sRNAs were supposed to be transcribed from the antisense strands in the translational region or UTR of mRNAs. They included an annotated antisense RNA, CopA, which is plasmid-encoded and is supposed to be functionally related to plasmid replication [30] . Yp-sR10 was an antisense sRNA to YP_1559, but was 140 nt downstream of alkA (YP_1558) in the same orientation. To exclude the possibility that Yp-sR10 may just be one of the degradation products of alkA, the mRNA transcription of alkA was abolished altogether by removing the corresponding promoter region. Yp-sR10 was proven to be a potentially functional sRNA because its transcription was not dependent on the promoter of its neighboring mRNA. By contrast, alkA was not transcribed upon the deletion of its promoter region (Figure 4) .
The presence and sizes of four antisense sRNAs (Yp-sR3, Yp-sR7, Yp-sR8 and Yp-sR16) were verified by northern blot analysis (Figures 2 & 3) . Expression pattern ana lysis showed that Yp-sR7 in the opposite strand of rplK encoding the 50S ribosomal protein L11 was not detected under the stationary phase. By contrast, the highest expressions of Yp-sR3 and Yp-sR8 were found in Y. pestis upon their entry into the stationary phase ( Figure 5) . Interestingly, Yp-sR3 spanned the potential operon formed by two genes (YP_1329 and YP_1330) encoding putative membrane proteins. This finding suggests that these RNAs might regulate operons through a possible antisense-mediated mechanism.
sRNA antisense to noncoding RNAs
In addition to the sRNA antisense to mRNAs, two sRNA candidates situated on the complementary strand of noncoding RNAs were found. One potentially interesting antisense sRNA candidate was Yp-sR1 (102 nt), which was encoded on the DNA strand opposite the 6S RNA and overlapped with 99 nt of the 3´ terminal region of the 6S RNA (Figure 2 ). E. coli 6S RNA forms a stable, abundant complex with s 70 -RNA polymerase, and its loss leads to altered cell survival during the stationary phase [31, 32] . The expression feature of Yp-sR1 was validated by independent northern blots and quantitative PCR experiments (Figure 2) . Interestingly, the expression pattern of Yp-sR1 is very similar to that of 6S RNA (supplemenTary Figure 1) . The majority of antisense sRNAs play their roles by base pairing with target mRNAs or their UTR regions. However, the possibility that some antisense sRNAs possess functional secondary structures, thereby functioning in a trans-acting manner, could not be eliminated. The possible secondary structure of Yp-sR1 with Figure 2) . Upon deletion of the Yp-sR1 promoter region, this did not seem to affect the ability of Y. pestis to cause disease in mice via a subcutaneous route (data not shown).
The other sRNA candidate, Yp-sR2, was shown to be situated on the complementary strand of tRNA_Ser1. Yp-sR2 was fully paired with the entire tRNA, but was 3 nt longer at the 5´ terminus (Figure 2) . Secondary structure prediction revealed that this candidate RNA shared a common secondary structure arrangement with the corresponding tRNA, which consisted of four stem-loop regions (supplemenTary Figure 2) . Northern blot and quantitative PCR analyses confirmed that Yp-sR2 reached maximum abundance upon entry into the stationary phase (Figures 2 & 5) . Our observations suggest that antisense tRNAs may exist in bacterial genomes, which have been proven to exist in the genome of primates [33, 34] .
sRNAs derived from repetitive sequence
The abundant introduction of insertion sequence elements renders many genes nonfunctional and rearranges genomic structures. The IS10 antisense RNA, RNA-OUT, inhibited the translation of tnp mRNA by directly blocking ribosome binding [35] . A 63-nt RNA species (Yp-sR26), which is complementary to the 5´ end and is upstream of the IS1541 tnp gene, was confirmed by northern blot (Figure 3) . Its sequence homology was found in the tnprelated sRNA STnc490, which was detected in Salmonella by deep sequencing [3] . Whether this antisense RNA is involved in tnp translation requires further investigation.
An approximately 110-nt sRNA (Yp-sR27) was repeatedly detected in our tested RNA Yp-sR10
Yp-sR10
Yp-sR10 future science group samples (Table 3) . Noticeably, 36 identical copies of this sequence were present, and a total of 63 highly homologous sequences were found in the Y. pestis 201 strain chromosome. Nevertheless, the repetitive sequences did not possess all the features of typical transposons, in that direct repeats and reverse repeats were found in its flanking sequence, but with no transposase encoded. Therefore, they are termed noninserting sequences. These repetitive noninserting sequence fragments are present in the ancestors of Y. pestis, Y. pseudotuberculosis and E. coli. This presence indicates that these kinds of repeat sequences may have evolved conservatively among bacteria. The prediction of the secondary structure of Yp-sR27 showed that it potentially formed a stable stem loop with high free energy (supplemenTary Figure 2) . Whether the replication of these sequences in the Y. pestis genome is mediated by transcribed RNAs, which would be similar to short retroposons (also called short interspersed elements) in eukaryotic genomes, remains unknown [36] . sRNA abundance during the exponential growth phase was set to 1.0. sRNA levels were normalized to 5S rRNA amounts and were expressed as relative amounts compared with those in Yersinia pestis 201 strain grown to the exponential phase. Each value represents the mean ± standard deviation of three independent experiments.
future science group sRNAs located within IGRs
Most of the well-characterized sRNAs in Y. pestis were identified in the IGRs. They are encoded distally from their targets. They function either by binding to RNAs (leading to the downregulation of target mRNA activity, typically through degradation) or by binding to target proteins to affect their activity. A total of 12 sRNAs of this kind were found in the current study, including four previously annotated sRNAs, Yp-sR28-31 (6S RNA, SsrA, 4.5S RNA and CyaR). The cDNA sequences of all four RNA species were detected in more than five cDNA reads. 6S RNA was first discovered in E. coli as a highly abundant RNA [37] . Consistent with this, the cDNA sequence of 6S RNA was repeatedly detected in 349 cDNA reads in the current study (Table 2 ). Y. pestis 6S RNA was found to be continuously transcribed under all five tested conditions. 6S RNA reached maximal abundance upon entry into the stationary growth phase (supplemenTary Figure 1) . SsrA (also called tmRNA) functions as both a tRNA and an mRNA in collaboration with SmpB [38] . The SsrA-SmpB system is involved in the stress responses and pathogenesis of Yersinia and other bacterial pathogens [39] [40] [41] . This involvement suggests that this system might efficiently respond to adverse conditions during infection. In the present study, the transcriptional level of SsrA was shown to be 1.8-to 3.7-fold higher at 37°C than that at 26°C in Y. pestis (supplemenTary Figure 1) . This feature may help Y. pestis adapt to natural temperature alterations during its transmission from fleas to mammals. CyaR (formerly known as RyeE), an Hfq-dependent sRNA, is strictly regulated by cyclic AMP-C-reactive protein in Salmonella [42] . Quantitative PCR ana lysis showed that the abundance of CyaR increased more than fourfold under either calcium or iron deprivation in Y. pestis (supplemenTary Figure 1) .
Except for the four known sRNAs, eight novel sRNAs located in IGRs were detected. Three of these sRNA candidates (Yp-sR32, Yp-sR37 and Yp-sR38) were preliminarily characterized using northern blot and quantitative PCR analyses (Figures 2 & 3) . The sizes of Yp-sR32 and Yp-sR37 (87 and 133 nt, respectively) were measured by northern blot (Figure 3) . The expression ana lysis demonstrated that Yp-sR32 seemed to be continuously transcribed but not notably variable under different growth conditions (Figure 5) . The secondary structures of Yp-sR37 and Yp-sR38 are shown in supplemenTary Figure 2 . Real-time PCR results confirmed that the abundance of Yp-sR38 was more than twofold higher under the irondeprived condition than those under other growth conditions. An increased abundance of Yp-sR37 was also found in Y. pestis during the stationary phase or the low magnesium condition ( Figure 5 ).
An in silico search for putative targets regulated by eight novel sRNAs was performed using the TargetRNA algorithm [43] . Except for Yp-sR33, many potential targets with long stable interaction sites (at least 9 nt seed sequences) were predicted for each sRNA. Candidate targets are listed in supplemenTary Table 2 . The putative targets include some genes with important functions such as regulating oxidative stress (sodC), flagellar biogenesis (flgK, flgI and flhA) and involvement in the heme transport system (hmuT ).
sRNAs starting their transcription within mRNAs
Except for those sRNAs mentioned above, some sRNA candidates were found to be located in the potential 3´ UTR overlapping with their neighboring mRNAs (Table 4) . These sRNAs were difficult to distinguish from the stable or unstable degradation products of long mRNAs. Further experimentation is required to validate the authenticity of their presence. Structure predictions indicated that some sRNAs of this kind could form stable, compact molecules with a high degree of their secondary structure (supplemenTary Figure 2) , of which Yp-sR43 was detected in high abundance Executive summary sRNA identification in Yersinia pestis by cDNA cloning n In this study, we identified a set of noncoding RNAs of Yersinia pestis under five different growth conditions by the cDNA cloning approach, including the following points: -A total of 43 sRNAs were identified, including six previously annotated sRNAs, of which 25 were encoded on the antisense strand of annotated genes or noncoding RNAs and eight novel sRNAs were located in the intergenic region; -Ten sRNA candidates chosen for the northern blot ana lysis were successfully detected. RNA molecule sizes were in agreement with that of the sequencing results; -Analysis of the expression patterns of 29 candidate sRNAs showed that 24 sRNAs are highly abundant in Y. pestis upon entry into the stationary growth phase. Almost all of the tested sRNAs were found to be continously transcribed under different growth conditions.
future science group during the stationary phase (supplemenTary Figure 1) . These results suggested that Yp-sR43 might be induced during the stationary phase and functions by changing its secondary structures.
Conclusion
In the present study, the cDNA cloning approach was used to identify 43 
